I discuss the problem of generation mass hierarchy in the context of realistic superstring models which are constructed in the free fermionic formulation. These models correspond to models which are compactified on Z 2 × Z 2 orbifold. I suggest that the hierarchy among the generations results from horizontal symmetries, which arise from the compactification. In particular, I show that in a class of free fermionic standard-like models, the suppression of the mass terms for the lightest generation is a general, and unambiguous, characteristic of these models. I show that the mixing between the generations is suppressed due to the horizontal symmetries. I conclude that these models may potentially explain the generation mass hierarchy.
Introduction
One of the most fundamental problems in high energy physics is the origin and hierarchy of the fermion masses. Why are the three fermion generations, which are universal in their gauge interactions, separated by orders of magnitude in their masses? In this respect the Standard Model, and point field theories in general, can only be considered as successful attempts to parameterize the observed mass spectrum. The Standard Model uses thirteen parameters to parameterize the observed spectrum. Grand Unified Theories (GUTs) reduce the number of free parameters and can explain inter family relations between some of the masses. However, GUTs do not explain the reason for the hierarchy between the generations nor the smallness of the mixing between different generations. One has to impose additional horizontal symmetries and specific choices of Higgs fields to try to explain the family hierarchies. Within the context of point field theories the problem of generation mass hierarchy looks rather arbitrary and some guiding principle is still missing.
Unlike point field theories, superstring theories provide a unique framework to understand the generations mass hierarchy in terms of symmetries which are derived in specific superstring models. The consistency of superstring theory imposes a certain number of degrees of freedom on the models. In the closed heterotic string [1] , of the 26 right-moving bosonic degrees of freedom, 16 are compactified on a flat torus and produce the observable and hidden gauge groups. Six right-moving bosonic degrees of freedom,combined with six left-moving degrees of freedom, are compactified on Calabi-Yau manifold [2] , or on an orbifold [3] . Alternatively, all the extra degrees of freedom, beyond the four space-time dimensions, can be taken as bosonic [4] , or fermionic [5] , internal degrees of freedom propagating on the string world-sheet. The different interpretations are expected to be related.
Horizontal symmetries which arise from the compactification will be responsible for the generations mass hierarchy.
To illustrate how the compactified space may be responsible for creating the generation mass hierarchy, I consider models which are constructed in the free fermionic formulation of the heterotic string. Of these, I focus mainly on a specific class of standard-like models [6, 7, 8] . The standard-like models have several unique characteristics. First, they have three and only three generations of chiral fermions. The chiral generation states are obtained from the three distinct twisted sectors of the corresponding orbifold model and none from the untwisted sector.
Second, the standard-like models suggest an explanation for the heaviness of the top quark relative to the lighter quarks and leptons. At the trilinear level of the superpotential only the top quark gets a non vanishing mass term. The bottom quark and the lighter quarks and leptons get their mass terms from nonrenormalizable terms, which are suppressed relative to the leading cubic level terms. Finally, the standard-like models naturally evade the problem with proton decay from dimension four operators that usually exist in superstring models which are based on an intermediate GUT symmetry [8] .
Realistic free fermionic models
In the free fermionic formulation of the heterotic string in four dimensions all the world-sheet degrees of freedom required to cancel the conformal anomaly are represented in terms of free fermions propagating on the string world-sheet. Under parallel transport around a noncontractible loop the fermionic states pick up a phase. A model in this construction is defined by a set of basis vectors of boundary conditions for all world-sheet fermions. These basis vectors are constrained by the string consistency requirements (e.g. modular invariance) and completely determine the vacuum structure of the model. The physical spectrum is obtained by applying the generalized GSO projections. The low energy effective field theory is obtained by S-matrix elements between external states. The Yukawa couplings and higher order nonrenormalizable terms in the superpotential are obtained by calculating corralators between vertex operators. For a corralator to be nonvanishing all the symmetries of the model must be conserved. Thus, the boundary condition vectors determine the phenomenology of the models.
The first five vectors (including the vector 1) in the basis are
with the choice of generalized GSO projections
and the others given by modular invariance. This set is reffered to as the NAHE * set. The NAHE set is common to all the realistic models constructed in the free fermionic formulation [9, 10, 11, 6, 7, 8, 17] and is a basic set common to all the models which I discuss. The sector S generates N = 4 space-time supersymmetry, which is broken to N = 2 and N = 1 space-time supersymmetry by b 1 and b 2 , respectively.
Restricting b j · S = 0mod2, and c S b j = δ bj , for all basis vector b j ǫB guarantees the existence of N = 1 space-time supersymmetry. The superpartners from a given sector αǫΞ are obtained from the sector S + α. The gauge group after the NAHE set is SO(10) × E 8 × SO(6) 3 with N = 1 space-time supersymmetry. The three SO(6) symmetries are horizontal, generational dependent, symmetries.
Models based on the NAHE set correspond to models that are based on Z 2 ×Z 2
orbifold. This correspondence is illustrated by extending the SO(10) symmetry to E 6 . Adding the vector
to the NAHE set, extends the gauge symmetry to 
The sectors b 1 and b 2 correspond to the Z 2 × Z 2 twist and break the symmetry to orbifold will be discussed further in Ref. [12] . The important point to realize is that in the fermionic formulation the 12 internal fermionic states, {y, w|ȳ,ω}, play the role of the six dimensional "compactified space" of the orbifold. The boundary conditions, assigned to these internal fermions, determine many of the properties of the low energy spectrum. . These U(1) symmetries are a generic feature of realistic free fermionic models [9, 10, 11, 6, 7, 8] . Additional U(1) symmetries arise from complexification of real right-moving fermions from the set {ȳ,ω}. In the standard-like models, requiring that the Higgs doublets from the Neveu-Schwarz sector survive the GSO projections, imposes at least three additional U(1) symmetries [8] . One for each sector b 1 , b 2 and b 3 . In the models of tables 1 (model 1) [6] and 2 (model 2) [7] , they correspond to the right-moving world-sheet currentsȳ 3ȳ6 ,ȳ 1ω5 andω 2ω4 , denoted by U(1) rj+3 (j = 1, 2, 3). Other choices for the low energy gauge group do not impose such a restriction. In addition to these symmetries, for every right-moving U(1) symmetry correspond a left-moving global U(1) symmetry. The first three, U(1) ℓj (j = 1, 2, 3), correspond to the charges of the supersymmetry generator χ 12 , χ 34 and χ 56 . These are common to all the realistic free fermionic models. Additional global U(1) symmetries arise from additional complexified left-moving fermions. In the standard-like models of tables 1 and 2, the last three, U(1) ℓj+3 (j = 1, 2, 3), correspond to the complexified left-moving fermions y 3 y 6 , y 1 ω 5 and ω 2 ω 4 . Finally, the models contain Ising model sigma operators, which are obtained by pairing a left-moving real fermion with a right-moving real fermion. In the standard-like models [6, 7] there are six Ising model operators, σ i ± = {ω 1ω1 , y 2ȳ2 , ω 3ω3 , y 4ȳ4 , y 5ȳ5 , ω 6ω6 } ± . These symmetries are additional horizontal symmetries, which constrain the possible F-terms in the superpotential. Thus, each sector b 1 , b 2 and b 3 produces one generation, with horizontal symmetries. The notation used in tables 1 and 2, emphasizes the division of the internal world-sheet fermions among the three generations.
Trilinear and nonrenormalizable contributions to the superpotential are obtained by calculating corralators between vertex operators [13, 14] ,
where
) are the fermionic (scalar) components of the vertex operators. The non vanishing terms are obtained by applying the rules of Ref. [14] . To obtain the correct ghost charge some of the vertex operators are picture changed by taking
where T F is the super current and in the fermionic construction is given by
with
Several observations simplify the analysis of the potential non vanishing terms.
First, it is observed that only the T +1 F piece of T F contributes to A N [14] . Second, in the standard-like models [6, 7] the pairing of left-moving fermions is y 1 ω 5 , ω 2 ω 4 and y 3 y 6 . One of the fermionic states in every term y i ω i (i = 1, ..., 6) is complexified and therefore can be written, for example for y 3 and y 6 , as
Consequently, every picture changing operation changes the total U(1) ℓ = U(1) ℓ4 + U(1) ℓ5 + U(1) ℓ6 charge by ±1. An odd (even) order term requires an even (odd) number of picture changing operations to get the correct ghost number [14] . Thus, for A N to be non vanishing, the total U(1) ℓ charge, before picture changing, has to be an odd (even) number, for even (odd) order terms, respectively. Similarly, in every pair y i ω i , one real fermion, either y i or ω i , remains real and is paired with the corresponding right-moving real fermion to produce an Ising model sigma operator.
Every picture changing operation changes the number of left-moving real fermions by one. This property of the standard-like models significantly reduces the number of potential non vanishing terms.
Higgs mass matrix
There are two types of Higgs doublets, from two distinct sectors, common to all the realistic free fermionic models [9, 11, 6, 7, 8] . The first type are Higgs doublets form the Neveu-Schwarz sector. They correspond to Higgs doublets from the untwisted sector in the orbifold language. In the standard-like models [10, 6, 7, 8] and the SO(6) × SO(4) [11] models, the presence of Higgs doublets from the untwisted sector in the massless spectrum, is correlated with the additional U(1) rj+3
(j = 1, 2, 3) horizontal symmetries, which arise from pairing real right-moving fermions [8] . In all the realistic standard-like models that are based on the NAHE set, there are three pairs of Higgs doublets h 1 ,h 1 h 2 ,h 2 and h 3 ,h 3 , from the untwisted sector. Each pair h j ,h j carries U(1) rj charge and therefore can couple at the cubic level only to the states from the sector b j .
The second type of Higgs doublets is obtained from a combination of the two The light Higgs spectrum is determined by the massless eigenstates of the doublet Higgs mass matrix. The doublet mass matrix consists of the terms h ihj Φ n , and is defined by h i (M h ) ijhj , i, j = 1, 2, 3, 4 where h i = (h 1 , h 2 , h 3 , h 45 ) and
At the cubic level of the superpotential the Higgs doublets mass matrix is given by,
At the cubic level this form of the Higgs mass matrix is common to the flipped SU(5) string model [9] and to the realistic standard-like models, which are based on the NAHE set [6, 7, 8] . These models contain an anomalous U(1) symmetry, which breaks supersymmetry at the Planck scale, and destabelizes the vacuum.
Supersymmetry is restored by giving a VEV to some singlets in the spectrum, along F and D flat directions [16] . In the flipped SU(5) string model and the standard-like models, it has been found that we must impose [18, 6, 7, 19] ,
and that Φ 45 , andΦ 13 At order N = 7 we obtain additional terms of the form h 1h2 V i V j φ 3 , where V i V j is a condensate of the hidden SU(5) gauge group. These terms make the extra pair massive without breaking U(1) Z ′ . They are proportional to ( Λ5 M ) 2 , where Λ 5 is the scale at which the hidden SU(5) group is strongly interacting. The remaining light combinations depend on the specific entries in the Higgs mass matrix which become non zero and depend on specific F and D flat solutions. However, already at this stage, and without knowledge of the specific solution, we can see how the symmetries of the spin structure are reflected in the generation mass hierarchy.
Among the realistic free fermionic models, the standard-like models [10, 6, 7, 8] have the unique property that the generations from the twisted sectors b 1 , b 2 and b 3 are the only light generations. There aren't additional generations and mirror generations, which become massive at some high scale. Thus, the identification of the light generations is unambiguous. Below, I focus entirely on this class of standard-like models.
Generation mass hierarchy
The class of superstring standard-like models have two unique properties that restrict the fermion mass terms. A unique property of the standard-like models is the possible connection between the requirement of a supersymmetric vacuum at the Planck scale, via the DSW mechanism, and the heaviness of the top quark relative to the lighter quarks and leptons [8] . The only standard-like models which were found to admit a solution to the set of F and D constraints are models in which only + 2 3 charged quarks obtain trilevel Yukawa couplings [8] . Trilevel Yukawa couplings for + (5) condensates, and the analysis focuses on these terms.
(c) The scale of Z ′ breaking. In Ref. [19] , it was shown that VEVs that break U(1) Z ′ violate the cubic level F flat solution and therefore break supersymmetry at the Planck scale. Therefore, Λ Z ′ ≤ Λ 5 .
I now turn to examine the fermion mass terms in the standard-like models.
At the cubic level the only potential terms are u 1 Q 1h1 and u 2 Q 2h2 [6, 7] . Below the intermediate scaleh 1 orh 2 obtain a large mass and one term remains. Thus, only the top quark has a cubic level mass term, and only its mass is characterized by the electroweak scale. This property is common to all the standard-like models which admit supersymmetric, F and D flat, solutions at the Planck scale.
The quartic and quintic orders mass terms differ between the models of tables 1 and 2. This again is a consequence of the assignment of boundary conditions in the vectors α and β [8] . The boundary conditions in the gauge sector, {ψ 1,···,5 ,η 1,2,3 ,φ 1,···,8 }, are identical in the two models. The two models differ by the boundary conditions of the internal fermions {y, w|ȳ,ω}. This is reflected in the nonvanishing higher order mass terms.
In model 1 there are no potential quark and lepton mass terms at the quartic order. At the quintic order we get the nonvanishing terms,
These terms can produce mass terms for the charm quark and for the two heavier generations of − In model 2 we get at the quartic order potential mass terms for − 
while there are no non vanishing quartic order terms for + Rather than the presence of potential leading mass terms for G 1 and G 2 , the most important aspect of nonrenormalizable terms is the absence of such terms for [6, 7, 19] ,
The potential leading terms for G 3 have the form f 3 f 3 hφ N−3 or f 3 f 3h φ N−3 , where which extend the NAHE set. I would like to emphasize that this is a general result which will be applicable to all the realistic standard-like models [6, 7, 8] , and may be a general result of realistic free fermionic models. A similar result holds in the flipped SU(5) string model [18, 20] . However, there, one needs to avoid identifying G 3 with the lightest generation because of problems with dimension four operators, which mediate rapid proton decay [20] .
Next I turn to examine the mixing between the generations. The mixing terms have the form f i f j hφ n and f i f jh φ n , where i = j, h andh are light Higgs combinations and φ n is a combination of generalized VEVs. (5), and 3 and3 of SU(3). Thus, the mixing terms are suppressed by at least ( Λ5 M ) 2 relative to the leading diagonal terms.
Conclusions
In this paper I examined the texture of fermion mass matrices that emerges in realistic superstring derived standard-like models. These models are constructed in the free fermionic formulation and correspond to superstring models which are based on Z 2 × Z 2 orbifold compactification. Among the realistic free fermionic models the standard-like models possess a unique property. They have three and only three chiral generations. There are no additional generations and mirror generations that become massive at a large scale. Therefore, the identification of the light generations is unambiguous. The light generations come from three distinct sectors, which correspond to the three distinct twisted sectors of the corresponding orbifold model. The light generations carry, generational dependent, U(1) charges and Ising model operators. These symmetries restrict the allowed F-terms in the superpotential, and are responsible for creating the generations mass hierarchy.
Requiring space-time supersymmetry at the Planck scale restricts the possible standard-like models. The only models that were found to admit a supersymmetric vacuum at the Planck scale, are models that allow trilevel mass terms only for [19] . Therefore, the unsuccessful GUT relations for the lighter generation can be cured in the context of the superstring models.
The analysis presented in this paper provides a qualitative understanding of the fermion mass and mixing spectrum. The texture of the fermion mass matrices, exhibited in Eqs. (17) , is expected to be a general characteristic of the class of superstring standard-like models under consideration. In particular, it is independent of the specific choice of singlet VEVs, which are used to cancel the D-term equation of the anomalous U(1). To make progress on a more quantitative analysis, we must take several steps. First, the nontrivial corralators of the nonrenormalizable terms have to be calculated by using well known conformal field theory techniques. Second, the dynamics of the hidden SU(5) group has to be examined. The scale Λ 5 > 10 14 GeV depend on the number of fundamental SU (5) representations that are light bellow the Planck scale. The hidden SU(5) condensates can then be approximated and the mixing between the generations can be estimated. Finally, the problem of SUSY breaking in the context of the standardlike models must be addressed and specific choices of flat directions have to be made, in a phenomenologically realistic way. The standard-like models provide a highly constrained laboratory to study these questions, and to address the question of the origin of fermion masses and mixing in the context of superstring theory.
